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ANATLYSTS AND PRELIMINARY INVESTIGATION OF EDDY-CURRENT HEATING
FOR ICING PROTECTION OF AXTAL-FLOW-COMPRESSOR BLATES

By Thomes Dallas and C, Fllisman

SUMMARY

An snelysis and a preliminary experimental investigation of
the use of eddy currents for heating the blades of an axial-flow
compressor of a turbojet engine as a means of ice protection is
presented. Steimmetz's anslysis of eddy currents in flst plates
is extended and formilas are derived that permit calculetions of
currents, voltages, flux distribution, and power when operation
is not limited to condltions of constant permeability.

The application of eddy-current heating appears to be fea-
sible for the generation of power densities requlred for icing
protection of axial-ﬂow—conpressor blades.

INTRODUCTION

The advent of all-weather flying of jet-propelled aircreft
demands provision for complete ice protection of the engines.
One component of this type of englne that hes not been provided
with ice protection is the compressor inlet, although NACA flight
investigationas of an axial-flow-compressor-type turbojet engine
have indicated that the compressor inlet is subject to icing.

Three methods have been proposed by the NACA to protect the
engine: (1) Inertias seperation of the water droplets from the
induction air (reference 1l); (2) heating of the charge air
(reference 2); and (3) heating of the engine parts by hot gas
(by a method similar to that of reference 3}. A fourth method
of de-icing, which involves heating of the engine parts by the
use of electricel eddy currents that can be induced if g pul-
sating magnetic fleld is created in the blades to be protected,
is proposed by the NACA Lewils lgboratory and discussed herein.

An snalysils of eddy currents 1n a compressor blade, the
geometry of which has been limited to that of a flat plate for
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simplicity, is presented. Formulas are derived that permit cal-~
culations of currents, voltages, flux distribution, and power when
operation is not limited to conditions of comstant permeablility.
Preliminary investigations are described in which & model blade is
subJected to flux varletions and the heat generated is determined
as a function of magnetizing ampere turns. The heat required for
adequate protection of the inlet guide vanes is estimated. Con-
clusions based on experiment and theory are stated regarding the
sultability of the method, and statements are included regerding
the significant parameters.

DESCRIPTION OF EDDY-CURRENT HEATING

The configuration of a typical axial-flow compressor (fig. 1)
lends itself to a design that incorporates an eddy-current gen-
erator. The principle of eddy-current heating as applied to the
inlet guide vanes 1ls illustrated by the schematlic diagrem of fig-
ure 2, In order to apply eddy-current heating, the blading involved
must be of ferromagnetic material. In addition, a ferromagnetic
flux path must be provided to complete the magnetic circult. A
direct-current coll is needed to supply magnetomotive force requlired
for operation of the system. A flux-chopping mechanism (section A-A,
fig. 2) provides a varying eir gap. The varylng reluctance of the
alr gap causes a flux change, which results in the creation of eddy
currents and heat.

It will subsequently be shown that it 1s desirable to use flux
variations of high frequency. In a typlcal axial-flow compressor
having 88 inlet guide vanes and operating at 7600 rpm, a cursory
- examination (without investigation of all design criterions) indicsates
that 44 chopper teeth could be used to give s frequency of 5600 cycles
per second. At this frequency, any appreciable flux variation in
parts of the megnetic circuit other than the blading would cause
undesired heating and loss of emergy. In zddition, if flux variation
in parts other than the blading is allowed, the time constants of
the coil and other parts lnvolved may msake it impossible to obtain
the full amplitude of flux veristion in the blades at the frequenciles
under consideration and the system may fall to operate. (Because
it is impossible to maintain constent flux in all parts of the chop-
per, lemination of the chopper will minimize the difficulties
discussed. )

The feoregoing principles dictate a design criterion typically
1llustrated in sectlon A-A of figure 2. The teeth in the chopper
should be of such a length that as one blade is leaving a tooth
another blade is teking its place in the magnetic circuit. In this
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manner, the only parts of the magnetic circult that are experiencing
a flux change are the blading and the lmmediately adjacent parts.

A constant flux 1s thus maintalned in the rest of the magnetic
circuit and a constant flux always links the coil.

In a general application of eddy-current hesting where more
than one set of blades is protected, the chopper msy be either in
the rotor or the stator but the blades to be hested must pass over
the teeth of the chopper. A chopper must therefore be provided

. Tor each row of blades to be protected.

In compressor-blade heating by means of eddy currents, flux
in the blades can be either unidirectional-pulsating or slternating.
In the following analysis, however, only the alternating-flux case
is considered. An experimental correlation between this type of
operation and the unidirectional-pulsating type ls presented.

SYMBOLS
The following symbols are used I1n this report:

A cross-sectional erea of blade, sgquare centimeters

Breax mexinmum value of slternating flux density, gausses

Bma.x a maximum value of elternating flux density under uniform-
flux distribution, gausses

c constent, ,\/0.4: 2 £ yq 10'3, centimeters~l

a . plate thickness s centimeters -

B root-mean-gquare value corresponding to Boays VOlts per
centimeter

Epex maximm value of alternating voltage gredient (in
direction of plate width), volts per centimeter

: if frequency, cycles per second

Hpow meximm value of alternating-magnetic-field intensity

(in direction of plate length}, oersteds

I root-mean-square value corresponding to Ipays &mperes
per centimeter
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maximm value of alternating current per centimeter length
of plate; equilibrant of ell currents in incremental
volumes included from plete center to any plene parsllel
to outer plate surface, amperes per centimeter

complex operator equivalent to -1
length of blade, centlimeters

distance from plane ABC (fig. 3) toward outer surface of
plate, centimeters

one-half of plate thickness d, centimeters

depth of penetration at constant permeebility u,
centimeters

depth of penetration at average permeability gy,
centimeters '

total depth of penetration zp 1+ 15, centimeters

upper limit of 1 for glven impressed field intensity
of Hy.y 2, centimeters '

total root-meen-squere ampere turns

meximm velue of altérnating ampere turns required across
air gap

meximmm value of alternating ampere turns required across
blade

total air-gap permeance, centimeters

permeances of various volumes composing air gaps,
centimeters

eddy-current power generated for uniform flux distribu-
tion, watts

eddy-current power generated per square centimeter of
blade surface, wetts per square centimeter

eddy-current power gemerated per sguare inch of blade
surface, wetts per square inch

1135
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s distance from siirface ABC (fig. 3) toward center of plats,
centimeters

v plate volume, cubic centimeters

o mean of £-& (fig. 6), degrees

o limitin'g value of o, mean of sz-aa s Gdegrees

B angle between Ima.x 1 &nd T (fig. 8), degrees

Bz upper limit of B, angle between Ima.x 1 and Im.x 25
degrees

4 conductivity, mhos per centimeter

8 angle between &, . . and @ _ (fig. 6), degrees

8y upper limit of &, angle between tDm ; end & )
degrees _

e power-factor angle (fig. 5), degrees

n " constent megnetic permeebility, (B .. I/Hmax 1)

Bav average magnetic permeability

resistivity, (1/7), ohm-centimeters

‘bmax maximum value of alternating flux included in cross-
sectional area having width of 1 centimeter and thick-
ness wilth 1imits from plate center line to an outer
limit, which is plane where fileld intensity is Hpy.,
maxwells

Subscripts:

s values in or to plane ABC of plate (fig. 3)

1 values in or to plane ABC (fig. 3) when field intensity
at plane ABC has reached value at saturation point
Einax 1 ©on magnetization curve

2 upper limiting values where fleld intensity is glven

impressed field intemnsity Hpex 2 and flux density
is saturatlon value Bmax 1

Overscoring indicates vector guantities.
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ANALYSIS
Development of Analysis
In eddy-current calculetions for plates, the following formula

is commonly used for determining power when a sine wave of alter-
nating flux at frequency f 1is employed:

x2a2y 22 ( 2 v
p = Puex wl T 25716 vatts (1)

This expression 1s valid if the megnetic effect of eddy currents is
negligible and if the lines of force are uniformly distributed
throughout the plate and are parallel to the sgides of the plate.

Eddy currents, by virtue of their countermagnetomotive force,
tend to damp the flux in the center of the cross section of the
magnetic material. The depth of penetration of the flux into the
surface of a plate of magnetic materiasl is given by Steinmetz
(reference 4, p. 371) as

3570 - (2)

p av 5;;;§

At a frequency of 6100 cycles per second, for instance, an
essumed average permeability of 119, and a conductivity of 10° mho-
centimeters corresponding to soft lron, the penetration would be
0.0132 centimeter or 0.0052 inch. With an average blade thickness
of approximately 0.062 inch, it 1s apparent that because of the
damping action, the flux density is negligible throughout the
greatest portion of the blade cross section and that e serious
error is Iinvolved in considering it otherwise.

1

Steimmetz (reference 4) has considered alternating-magnetic-
flux distribution only under conditions of constant permeability.
In the present work, however, operation well past the knee of the
magnetlization curve is necessary and the work of Steilmmetz 1s not
directly appliceble. Steinmetz considered a section of a flat
plate or lamination similar to that shown in figure 3. He divided
the plate into Incremental slices of width ds at distance s
fram the surface of the plate and set up the partial differentisl
equations of the system. The direction of the flux was assumed
along the length or longest dimension of the plate.

1125-
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Steimmetz found that, if the flux at the center of the plate
is negligible, the maxlimm flux density %x at any point at

depth s <from the plete surface is glven by
Bpax = Bpax g © °°(cos cs - J sin cs) (3)

An examination of equation (3) reveals the nature of flux
penetration into the surface of the plate. At the surface of the
plate, or when 8 =0, Bp,y 15 equal to Bp,y g, Which is the

flux density produced by the impressed magnetomotive force. The
real part of equation (3) is therefore in time phase with the
Impressed magnetomotive force. It 1s apparent that the flux lags
in time and decreases rapidly in value with depth s into the
plate. At a depth equivelent to cs equal to =/2, the flux
lags 90° and is decreased to 20 percent of its value at the sur-
face. VWhen cs 1s equal to x, the flux lags 180° but its
intensity is only S5 percent. At the point where the flux is again
in phase with the Impressed magnetomotive force, its value is only
0.2 percent,

Integration of equation (3) between the limits s =0 and
8 = 1, produces the maximm flux In one-half of the plate for
1l centimeter of width. The condition that the flux in the center
of the plate is zero dilctates that e-Clg 1is negligible; therefore

S LY @)
or
|¢m sl = i}_-:‘?" (4a)

Equation (4) may be used to obtain the mean meximm flux density

Bpax m by dividing by 1,:

— [
Buax m = mz.: ? = Brznz.;':os (1-3) (s)

If Bjoy m 18 made equal to Bpex g2 then 1, becomes the depth
of penetration 7’P or 1s the depth to which the flux would pene-

trate to produce the same total flux if the flux density at the
surface was maintained throughout the section of the plate.
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T, = 2 (1-3) (6)

or

, R g

Inasmuch as Steimmetz's work is not directly epplicable because
of operation past the knee of the megnetization curve, further
development 1s neceseary. Consideration wlll still be limited to
the flat plate of figure 3. NRo generality will be lost by this
limitation on shape, however, beceause effects of eddy currents will
be shown to be independent of plate thickness d and to be func-
tions of the surface only (provided flux density at the center of
the object 1s negligible).

A brief general statement will establish the concept of the
analysis. Until saturetion is reached, the sbsolute value of the
maximum flux density Bp,y g 1in the outer surface increases with
impressed magnetomotive force and decreases 1ln absolute value
exponentially with distance into the material according to equa-
tion (3). As the impressed magnetomotive force is increased beyond
saturation, the maximum flux density 1n the outer surface cannot
increase further, but a different action results. The absolute
value of the flux density remains essentiglly constant for a short
distance into the plate before decreasing exponentislly. The dis-
tance of thls penetration at constant flux density is determined
by the amount of impressed maghetomotive force in excess of that
required for saturation. '

The normal magnetization curve for SAE 1020 steel, annesled at
1500° F and furnace-cooled, was chosen as a representative curve
for purposes of anslysis., The curve, which 1s plotted in Ffigure 4
from data of reference 5, 1s a plot of flux density In gausses as
g function of fleld intensities in ocersteds. The megnetization .
curve is approximated by two straight lines; the line AF drawn from
the origin approximately tangent to the curve and another line
representing the saturation flux density Brax 1 drawn parallel to

the absclissa axis at approximately the mean flux density for a
given range of fleld intensity. The mean is estimated from the
geometry of the curve of figure 4. As will subsequently be shown,
most of the heat is generated in the outer layers of the plate at
the higher magnetomotive forces, which is justification for giving
greater weight to the higher flux densities. The choice of the
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mean is not critical because Bp,y 7 enters into the final power
formula to the one-hslf power and a 4-percent error in estimating
Byax 1 resulis in a 2-percent error, approximately, in the power.
The lines BC, IE, and FG are for limiting values of field intensity
of 6, 30, and 50 cersteds, respectively. In order to mske the
problem specific, let the limiting maximum field intensity Hy.y 2

be 30 oersteds; then the curve will be represented by lines AD and
IE. It is epparent that Steinmetz's equations are applicable along
the line AD where the permeebility u, which is the slope of

line AD, is constant.

Equations (3) to (7) can be represented by the vector diagram
of figure 5. Time phase 1s measured by counterclockwise rotation.
The reference vector 1I,., o extends from the pole toward the
upper left. The equallty of the flux components of eguation (4)
fixes the current st a lagging power-factor angle of 45° with
respect to the impressed voltage. The voltage of self-induction
By ¢ legs its flux &, . by 90°; whereas the impressed or

consumed voltage, which is equal but opposite to E, 4 g leads

by 90°, This diagram can be chosen to represent condlitions at the
saturation point D of figure 4. Then other points along the

line AD, which represent conditions at deeper penetration into the
plate, can be represented by vectors having the same relative pro-
portionality end phase, but which are shifted clockwise to the
proper lagging time phase relative to conditions at point D and

which are reduced in magnitude by the factor e~CE,

Two more equations are required to estsblish the magnitudes
of the voltages and current in figure 5. The maximum voltage
Brax g ©of self-induction per centimeter width of plate from the

f£lux ¢ma.x g 1s

-8

Brax g = 228 @y g 10 (8)

In order to eliminate any turns-ratio mumbers, the assumption is
mede that the impressed magnetomotive force is supplied by a one-
turn coil. As previously stated, the flux demsity B,y g &t the

outer surface of the plate is that due to the primary magnetomotive
force alone because no effects of bucking eddy currents exist at
the surface. Because the flux is assumed to be along straight
lines parallel to the sides of the plate, the equation for the
intensity of the field at the surface is

Hnax s = 0% % Ipax g (9)
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where

value in SYMBOLS (also, current required in a one-turn
s b
energizing coil to furnish a fileld intensity of Hygy g

for volume of plate (fig. 3) 1 cm wide, 1 cm long, and
depth equal to one-half plate thickness), amperes per
centimeter :

The vector diagram of figure S represents the flux, the current,
and the voltage sssoclated with the volume of the plate described
in the preceding symbol definition. With the vector dlagram of
figure 5 chosen to represent the conditions at the point D of the
magnetization curve (fig. 4), the outer surfaces ABC and A'B'C'! of
figure 3 will be saturated at a flux demsity B,y ; under a field

intensity of Hygy 3. Equations (4a) and (7) now become

© e 1 %&LA (4b)

and

= (72)

1 = —=—
Rt Redv-a

In the anelysis it was found convenient to use the following
physical concept. The assumption was made that thin sheets of
_ SAE 1020 steel of incremental thickness dI are added to the sur-
faces ABC and A'B'C' and become integral with the original plate
of material. In addition, it wes assumed that the Impressed mag-
netomotive force is increased to balance the bucking eddy currents
in the new sheets in order that the flux demsitlies at planes ABC
and A'B'C' remain unchanged. Then the vector diagram of figure 6
will represent the new conditionms.

The dashed vectors of figure 6 are a duplication of figure 5,
with the exceptions that the flux-component vectors have been
omitted for clarity end the vectors now represent conditions at
the saturation point. The diagram continues the representation
of ‘a plate volume having a surface 1 centimeter square and a depth
equal to one-half the plate thickness. Regardless of saturation,
it is assumed thet currents, voltages, and flux are still repre-
sentable by vectors and, in the case of figure 6, by maximum
values of sine waves. As the new sheets of thickness di at
constant flux density B,y ; &are added, the vectors will change



v

SeTT

NACA RM EY9EOCE 11

in gbsolute value and position, as indicated by the dashed lines
representing their locl. It was assumed that sufficient sheets
have been added to reach the limiting maximm field intensity
Hyox 2 ©of 30 oersteds that was chosen. The varlous gquantities at

this condition will be identified by the subscript 2.

When a new sheet is added, the total flux is increased by the
vector B, - q dl, which is 1n phase with the current I..., as

shown in the diagrem (fig. 6). From equation (4b) and with B, 3

a constant, it is possible to write the equation for the sbsolute
value of the maximm flux tbm from the dlagram

12
Qm-¢ml+f Brax 1 ©OS (45°+B-5)6.1_-§A?_EL1+
2¢
0

Bpax 1 ¢ cos (45° +a) (10) .

vhere o 1s the mean value of (B-8) for the glven value of 1.

The infinitesimal change in meximmm field intensity dH,.»

between the sides of a sheet 1s proportional to the current in the
sheet

deaxzo.-ityEmaxdl

or

dﬂ‘;:xzo.ixyEmax (11)

where Emax 1s the maximum voltage per centimeter width induced .in
the sheet by the included flux &,.,,. The relation between E; .
and & is

-8

Bpax =2 x £82 10 (12)

From equations (10), (11), and (12), the following relation is
obtained: .
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2
dag, Oudn™ 7f Bpoy 1 o -8
LN - E+ AT ¢l cos (45 sa)) 107 (13)
When u H ., =B 1 is substituted and equation (13) is inte-

grated in the limits from O to 15, Hp,y 7 to Hpy,y 2, the
absolute value of the maximum field intemsity H,.., » is

cZ:3

Blnax2=Binaxl+Nf2-cHxnax1|;2+ Nz 22 cos(4-5°+a.2)](14)

Prom which the value of 22 will be

1 1 1 2
lo=- + + -
2 A2 ¢ cos(45° +a,) /\/2c2 cos?(45° +0i) ¢? cos(45°+a,) (Hma.x 1 )

(15)
or
1 + a2 clp cos(45° +a,)= /\/1 + 2 cos (45° +a.2) (Hm 2 _ )
Hnax 1
(15a)
Also, squaring both sides,
NZ ety + 21,2 cos (45°.+u,2)= 1;;1‘;";‘ i -1 (15b)

The total depth of penetration is the sum of equations (15) and (7a)

1 . .1 >
+21s = 1 14+ o E i
P12 c4[2 *cos (45° +p) f\/l+2 cos (45 +a9< - )

ZT=Z

(15¢)

The voltage gradient Ema.x > in the outer plate surface can be

derived by using equations (10) gnd (12} end substituting the upper

limits ¢ 2 for & , and 1, for 1,

112s
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-8 Bpax 1
c

Bpax 2 = A2 = £ 10 1+ AZ clgy cos (45°+a.2)‘l (16)

Substitution of equation (15a) and division by Af2 to obtain the
effective value EZ on the assumption of a slne wave, glves

B
E, =xr 2100 2221 ;\ﬁm cos (45° +«:r.2)<H”“Elx C ) (162)

¢ Hpax 1
where

E5; value in SYMBOLS (also the root-mean-square value of impressed
voltage required for plate volume having surface 1 cm square
and depth equal to one-half plate thickness), volis per
centimeter ‘

The relation of equation (158) may now be used to eliminate 1
from the equetion for the meximm flux &, ... Equation (10) may be

. rewritten by going to the limits &, .. , for ¥ ., and 1, for 1

®ex 2 = B:;gxcl E. + A2 cly cos (45°+aé:l (102)

or, when equation (15a2) is used,

® oy 2= B‘\’;_:‘cl ;\/1+2 cos (45°+a2) %ﬁ—f - ) (10b)

The asrgument involved for obtaining the current Imax 2 is

identical to that used for equation (9); the replacement therefore
of K.y g DY Hpy 2 in equation (9) gives the expression for

Thex 2

Tanz 2 = 04 % Tpag 5 an)

where

Ihex 2 Value in SYMBOLS (also » current in amperes required in one-
turn energizing coil to furnish given lmpressed field
intensity Hmax 2 for volume of plate having

surface 1 ocm square and depth equal to one-half plate
thickness), amperes per centimeter
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The effective value of current Iz for an assumed sine wave
is .

Imax 2 Hpay 2
Tz = VE = V2 0.4x (172)

The remaining derivation is that of the power-factor angle,
which will be obtained by finding first the angle 82 and then Bj.

The derivation of &, and B, may be found in eppendix A.

tan (45°

8y = ———2——.22 log, E. + 2 eos (45°+a?)<k i - J):, (18)

and

he |— /yr \-1
By = cot (45° +a,) log, lj.-+ sin (4,5°+a2)(§x i - )-l (19)

For a given value of Ep.y o/Hp.y 3, various values of o,

were substituted in equations (18) and (19} until, by successive
approximations, an average value of ag was obtained that satis-
fied the equation

(By)a

(Bx-8) a(Bg)
0
e = (82),

where (Ba) o 18 the limit of integration. The resulting values
of 82-82 are shown as g function of Bo in figure 7. The values
of Ho.y 2/Bp.z 1 8nd a, are posted beside each calculated

point. Replots of the dats fram figure 7 are presented in fig-
ures 8 and 8, In figure 8 the angle Qo is presented as a func-

tion of various values of H .. o»/H . 1, and figure 9 shows the
angle B,y-B, as a function of Hp,, 2/Byox 1+

1125



Resulta of Analysis
The eddy-current power p, absorbed as heat per square centimeter of plate surface

will be the product of the voltege, the current, and the power factor (fig. 6) and may be
expressad as '

Do = ByIp 8in (45%R,~8,)
or from equations (16a) and (17a)

P, = £(1078) Bm: L '\j1+2 cos (ASOﬁ)@ : - 1) ;‘;’:: pin (4:5°+B2-62)

Revision ylelds

1.25 l\féfnlmzamlm‘ﬂ\j
= ¢

1+2 cos (45%+ay)

2

1

Pa - ]) gin (450-1-32-52)
| (20)

Replacement of c¢ by its parts ylelds

11l
Pg =-]='-2-§—(§- p§f2 L W 2 Brx 1 10'4\/% l:-z cos (45°+a2§| +2 cos(45°+d2)%::x—-;—§ gin (45°+Ba-52)

watts per square centimeter (208.)

vhers p i1s resistivity (obm-cm). Multiplying equation-(20) by 6.45 glves the equation
for the heat generated per square inch,

-8
(L £ By g By g 10

c

,\/1+Boos (4.5°+02 Hm 2. J)s:ln (4,5°+[32-82) , watts per sguare

P'
° max 1

inch (20b)

S0HsH W VOVN
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Operation at Constant Permeability

The eguations that have been derived are not limited in use to
conditions in which the outer plate surface is saturated, but are
also applicable in the region of the approximated magnetizetion
curve where the permeabllity u 1s constant. At the saturetion
point, where Hhax 2 1s equal to Hy,,. 1, the equation for the

totel depth of penetration (equation (15¢)) reduces to equation (7a).
The depth of penetration remains constant at the value given by
equation (7a), even if the impressed field is reduced below Hpax 1°

The power-factor angle & remeins 45° for field intensities equal
to or less than Hy .y 7, end By and 85 vanish. At the satura-
tion polnt, the radical in the voltage equation (16a), the total-
flux equation (10b), and the power equation (20b) reduces to &
value of 1. These equations are still epplicable for impressed
field intensitles less than L 1 with the substitution of the

impressed £ield intensity Hmax s for Bhax 2 and the wvalue
equivalent to the impressed field B, g for Byax 1 after the

radical has been repleced by 1. The total-flux equation (10b)
reduces to equation (4a). The current formula (17a) applies if the
given impressed field intensity Hﬁax g 1s used for Hp.. .

EXPERIMENTAL INVESTIGATION

Prior to any attempt at full-scale application of eddy-current
heating of the inlet guide vanes, preliminary investigations were
confucted from which information was obtained as to the number of
Field ampere turns required to produce specified amounts of heat,

The schematic layout of the equipment in which sample blades
were investigated is shown in figure 10, For simplicity, instead
of using a chopper to vary the flux, & similar effect was accom-
plished by varying the magnetomotive force or ampere turns by con-
necting the coil shown in figure 10 to a 500-watt, 6100-cycle-per-
second, audlo-frequency power generator. In order to match the
load to the generstor properly, the turme on the coll were varied
from 316 to 210, in addition to resonating this load wilth series
cepecitors. The current in the coil was measured with radio-
frequency ammeters.

The heat generated was determined by measuring the tempera-
ture rise and the rate of water flowing through the Jjacket., Heat
exchange to the laminated core was minimized by keeping the core
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temperature nesr the mean temperature of the water. From runs with
end without insulation, Insulation on the water Jacket to reduce
heat transfer between the atmosphere and the jacket apparently was
unnecessary in this investigation.

The pulseting wmidirectional operation was synthesized by
superimposing & direct current and an alternating current in the
inductor of the experimental unit, as shown in figure 1l. The
direct current to the inductor was introduced by means of a filter-
ing network. The 0.S55-henry choke, which was especially wound with
& large air gap to prevent saturation, had approximately 10 times
the inductance of the Inductor and thus shunted only about 10 per-
cent of the alternating current from the inductor. The inductance
value of the remaining choke was not critical, but its impedance
wags sufficlent, relative to the 20-mlcrofared condenser, to force
most of the alternating current of the 0.55-henry choke through
the measuring meter in series with the 20-microfarad condenser.
Because the ratio of inductive reactance to resistance of the
0.55-henry chocke end the inductor are sufficiently alike to make
the currents in phase for all practical purposes, the difference
between the readings of the two alternsting-current emmeters was
therefore the alternating current in the inductor. No apprecileble
alternsting current passed through the direct-current ammeter or
the battery circuit and the direct-current meter read the true
direct current aspplied to the inductor.

The first investigations were made on snnesled SAE 1020 steel
with & total air gep between the laminated iron core snd a sample
blade of approximately 0.04 inch. The alr gaps used for these
investigations were approximately those that would exist in prac-
tice between the blade and the adjacent part through which the
flux would flow. In order to permit g correlation between experl-
mental results and the anslysis, the blades were made of rectangu-
lar cross section. The actuel size of the sample, however, which

was 0.125 by 1 by 4- inches, 1s approximately the same as the inlet

gulide vanes of a typical axial-flow compressor. The second and
third experiments were made with a blade of Armco Magnetic Imgot
Tron of the seme slze. In the second experiment, the air gap was
kept at spproximaetely 0.04 inch and in the third experiment the
alr gap was increased to approximately 0.06 inch. A sample of
Hipernik, 0.094 by 1 by 43 inches, with a total air gap of

0.04 inch was used in the fourth experiment. This material has
high resistivity and high maximum flux density. The investiga-
tions on ell samples were made by varying the munber of magnetiz-
ing ampere turns and measuring the heat generated.
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The fifth experiment wes made with the synthesized pulsating
unidirectionel current. As 1llustrated by the curve in figure 11,
the two currents were apportioned to subject the blade to & magneto-
motive force that varied from O to 2 A/Z times the root-mean-square
value of alternating magnetomotive force at each experimental con-
dition. The Armco iron sample was used in this investigation and
the total elr-gap spacing was 0.04 inch.

A 10-turn search coil was placed sround the center of the
samplé blade in all experiments for the purpose of measuring the
voltage and viewlng the voltage weve shape on & cathode-ray
oscllloscope. Ten turns were used to cbtain sufficlent signal
voltage to make the hum voltage and other spurious voltages
negligible in comparison.

CALCULATION OF AMPERE TURHNS

The correlation between the analytical equations and the
experimental results depends on several new calculations that must
be made in addition to computations using the equations already
derived.,

The blade was positioned in the experimentasl rig (fig. 10)
to make the air gaps at each end of the blade approximately equal.
Figure 12 shows the geometry used in calculating the permeances at
each blade end. No attempt was made to draw figure 12 to scale or
to make the relative sizes of the varilous volumes correct. (Volumes
are deslignated by mumbers 1 to 8.) The purpose of the figure is to
glve the geometric shapes of the various volumes to illustrate the
application of formilas from reference 6. The suggestion given in
this reference was followed in limiting the fringing-flux calcula-
tions to the entire space immediately surrounding the pole faces
and not et a great distance along the blade (h+t+g was limited
to gpproximately 0.75 in., where h, t, end g are dimensions,
as showvn in fig. 12). The geometry of figure 12 is based on the
two propositions that the flux lines are normal to the metal sur-
faces and that such surfaces are equipotentlal. These propositions
are obviously assumptions, because the magnetomotive-force drop
along 0.75 inch of blade 1s appreciaeble.

The formulas for the permeances of the various volumes desig-
neted by the mumbers in figure 12 follow for convenience. The air
gep directly under the blade was assumed to have no flux, except
for a volume eguivalent to the depth of penetration. This per-
meance P; was therefore taken to be equael to the product of the

depth of penetration 1Ig and the circumference of the blade cross
section, divided by the distance g:
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2tp(a+w)
17 g

" where w refers to width, as shown in figure 12. Also

= 2% .Eﬂ':)
:P3 =3 1089(8

The plane ABC 1s so positioned that the average value of volume 5
remains unchanged. In this manner, volumes 4 and 5 can be com-
bined In one calculetion. On a scele drawing, the line BA was'

found to mske an angle of 50° with the horizontal, the engle AED
therefore being 140°. Then

- (180\ w geh+t) _ 1.28 w grh+t
P4+5 (140 4 logg <g+t) 3 loge ( t )

&t

Pg = 0.52 &
24 ( +t+h '
Py = % Lok \sg_>

Volume 8 is consldered a2 partial quadrant of & spherical shell of
thickness .-t+h, The fraction used as a factor in making the con-

putation is the ratio between 180 and the arithmetic mean of 140
and 80, or

180 t+h

Fg = @o®) e " 0.39(t+h)
2

The total permesnce for one end will be

2(%‘-+PZ+P3+P4+5 +P6+P7+2Pe)

19
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The total air-gap permeance will equal one-helf of this value, or
Py
Pp = 5=+ Pp+P3+Py,5+Pg+P7+2Fg _ (21}

The following equation cen be written from the total-air-gap
mesgnetomotive-force equation for the real component

A Dpax 2 co8 (45%4+By-8,)
NI =
amaxa O0.4x1lg Py

Substitution of equation (10b) gives the equation for air-gap
ampere turns )

NI =
a'max a 0.4 w\Z cl, Pp

Hmax 1
(22)

The finel determination needed is that for the magnetomotive-
force drop along the blade. Previocus discussion showed that the
fiux density at the outer surface of the blade is the result of the
impressed magretomotive force alone; the following equation 1s
therefore true:

0.4 = Nplnay b
Brax 2 = L
Thus
L Hms.x 2
N‘bImax o Q.4 n (25)

The total effective ampere turns required are
Na.:l:m.a.x & + 1q‘l;_:]:ma.:r. b (24)

N2

When the previously derived equations are used, the eddy-
current power per square inch of blade surface appearing as heat
can be calculeted from equation (20b), and the voltage cen be

NI =

L)

A cos(45°+Bz—52)Bma.x 1,\/1+2cos(45°+a2 Bhax 2 _:9

1125
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determined from equation (16a). The total depth of penetration
of the flux into the blade is found from equation (15c).

Values of Hp,. 5 selected for making check calculations were

6, 30, end 50 ocersteds. These values are shown in figure 4 for
SAE 1020 steel, together with the corresponding values of 11,500,
15,000, and 15,800 gasusses for the average values of Bp., ;. The

permegbility of the left part of the magnetization curve, which is
the slope of the line AW, is 2665. The magnetizetion curve for
Armco Magnetic Ingot Iron (reference 7) and lines BC, DE, and FG
indicating the average values of B, ., ; chosen for 6, 30, and

50 oersteds, respectively, are shown in figure 13.

The magnetization curve for Hipernik (from reference 8), which
has relatively high resistivity, 1s shown in figure 14. The hori-
zontal lines BC, DE, and FG on thls curve represent chosen average .
values of B ., i of 12,800, 14,000, and 15,000 gausses for limiting

field intensities H . , of 6, 20, and 40 ocersteds, respectively.

RESULTS AND DISCUSSION
Electrical Considerations

Results of the calculations and the experiments are glven in
table I and plotted in figures 15 end 16. Figure 15 is a plot of
voltage at the surface per centlimeter width of blade against effec-
tive impressed ampere turns. The search coll around the center of
the blade is the source of the voltage dets, which are divided by
the product of coil turns and blede cross-sectional circumference
in centimeters to obtain the values for the plotted points. The
curves are for Iinvestigations on SAE 1020 steel, Armco Iron, and
Hipernik, each with total air geps of 0.04 inch. Calculated values
of voltages from equation (16a) Pfor field intensities at the blade
surface of 6, 30, and 50 oersteds are also plotted on figure 15 for
Armco Iron and SARE 1020 steel. The limiting field intensities used
in meking voltage calculations for Hipernik were 6, 20, and 40 oer-
gteds. The root-mean-square or effective ampere turns for each inten-
gity were calculated from egquations (24), (23), and (22). The purpose
of these data is to show the close agreement between calculated and
measured voltages. The mumerical comparison between celculasted and
measured voltages obtained from columms 10 and 11, respectively, of
table I shows agreement to within 10 percent, except for Hipernik
where the disagreement is spproximately 16 percent. The magnetiza-
tion data used in the calculations, however, came from published
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average curves that may not exactly represent the samples Inasmuch
as the measured conductivity of the samples used in the calcula-
tions did not agree with the published average data. :

Three of the curves In figure 16, which represents eddy-current
power generated per square inch of blade surface plotted ageinst
effective Impressed ampere turns, are for SAE 1020 steel, Armco
Magnetic Ingot Iron, and Eipernik for a total air gap of 0.04 inch.
Figure 16 shows the close correletion between the curves and plotted
check points cbtained from analytical formula (20b) for field inten-
sities at the blade surface of 6, 30, and 50 ocersteds for Armco
Iron and SAR 1020 steel and 8, 20, and 40 ocersteds for Hipernik,
Agaln the root-mean-square ampere turns for each of these inten-
sities were calculated from equations (24), (23), and (22). From
columms 12 end 13 of table I, the sgreement belween calculated and
measured values ls within 10 percent.

On the Armco Iron curve for a total air gap of 0.04 inch
(fig. 16), the data of the synthesized-pulsating~-flux investiga-
tiong are plotted. The measured eddy-current power 1is plotted
agalnst the root-mean-square velue of the altermating component of
current. These points agree closely with the simple alternating-
current tests and indicate that the superposition of the direct-
current magnetomotive~force component has very little effect if
eny. It is important to understand, however, as the curve in fig-
ure 1l demonstrates, that for any given power the ampere turms from
figure 16 must be increased by a factor of 242 to obtain the
direct-current ampere turns needed for use with & chopper.

The ineffectliveness of the direct current to change conditions
is further demonstrated by comparlson of the voltage-wave shapes
obtained with and without the superimposed direct current. These
curves, which are shown in figure 17, are oscillograms from the
gsearch coll around the center of the blade. One set of records is
for low values of ampere turns end the other set is for high velues,

A voltage survey along the blede (fig. 10) with this search
coil indicated voltage variations of 14 percent at the bottom to
-25 percent at the top compared with the velue at the blade center.
The value at the blade center used for data, was, however, approxi-
metely equal to the average value along the blade, The inequality
of the flux along the blade is believed to be due to the fringing
flux from the off-center exciting coil (fig. 10).

The large megnetomotive-force drop across the blade probably
explains the ablllty of the coll fringing flux to affect the volt-
age along the blade. The megnetomotive~force data are obtained

* 1125 "
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from colums 7, 8, and 9 of teble I, in which the alr-gap maximm
ampere turns, the blade maximm empere turns, and the total root-
mean-square ampere turns, respectively, are glven. These data show
that es the blade-surface field intensities increase the alr-gap
ampere turns Na Thax a decrease from gpproximately 30 percent to

about 10 percent of the blade ampere turns N, Ip,y p. Below

6 oersteds, of course, the percentage of alr-gap ampere turns is
sgtill larger. The large drop across the blade comes from operation
well past the knee of the magnetizatlon curve at the blade surface.
Inspection of figures 4, 13, and 14 shows the knee of the magretiza-
tion curves to be in the nelghborhood of 6 oersteds or lower, which
is equivalent to the very low velue of approximately 50 ampere turns
on the curves of figure 18. It is recognized that this large
magnetomotive-force drop along the blade in comparison with air

. gaps of practical sizes may meke a difficult chopper-design problem;
that is, it may be difficult to obtain sufficlent chopplng action at
relatively high frequencies.

Two curves for Armco Iron are shown in figure 16, the one pre-
viously discussed for a total air gap of 0.04 inch end the other
for an air gap of 0.06 inch. These two curves show that the fring-
ing flux around the eir gap is very importent and, because of the
fringing, the air-gap spacing between a tooth and a blade is not
a critical fector in determining the meximm flux or the total
heat generated in the blade. For this reason, relatively large
clearances between blade end tooth can be accommodated if dictated
by compressor-design criterions; however, fringing flux may also con-
tribute to chopper-design difficulties by limiting reluctance
change in the air gap.

Calculated data also indicate that the flux that fringes
around the air gap is the major portion of the flux. The calcu-
lated permeance (teble I, columm 5) including the fringing space
is approximately 9.00 centimeters; whereas the approximate per-
meance of the sir gap alone, depending upon the depth of penetra-
tion, 1s only 0.5 to 1.0 centimeter. The depth of penetration is
given in column 6 of table I and varies from sbout 0.005 centi-
meter at a blade-surface field intemsity Hy,, o of 6 oersteds to

sbout 0.015 centimeter at 50 cersteds for Armco Iron and SAE 1020
steel.. A direct result of the lower conductivity of Hipernik is

that its depth of penetration is equal to twice that of the other
materials.

Equation (20a) will now be examined for the purpose of dis-
cussing the vaerious parameters involved. At the field Intensities
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of interest, those that will produce 10 or 1l watts per square inch,
the first quantity under the radical of the equation 1s less than

5 percent of the radical wvalue and can therefore be neglected. The
egquation reduces to

11 3
81n(4504B,-8,)10"4 4/2 coa(§5°+a2ilpzf2 (Epax 2)° (Bpag 1)

N

(20c)

Also, at the field intensitlies of interest the values of Cp and
32-82 change very 11ttle,_ which can be seen from colums 3 and 4
of teble I for values of Hma.x 2 of 30 and 50. A noteworthy fact
is that the angle (45°+B,-85), the sine of which is the power

factor, changes only from 45° to sbout 55° over the entire range
of field intensity Hp,y » of O to 50. The sine (45°+B2-82) and

'\/2 cos (45°+02) are therefore grouped in the brackets of equa-

tion (20c) with the other constants. Equation (20c) therefore gives
very simply the factors that 'determine the abllity of a material to
produce heat from eddy currents. For a glven value of field inten-
sity Hy.» 2 or magnetizing ampere turns, the eddy current gener-

ated per unit surface is proportional to the square roots of the
resistivity of the material, the seturation flux density, and the
frequency. For a glven material and frequency, the hest generated
is proportional to the 3/2 power of the megnetizing ampere turns.
Provided the blade is sufficiently thick to meke the flux st the
center negligible, equation (20c) shows that the heating is inde-
pendent of blade thickness and ls a function of surface ares only.
Because cooling is also a function of surface ares, however, the
important criterlon is the heat genereted per unit surface rather
than the total heat, and In this report equations and results are
therefore expressed in values per unit surface.

Because for a given instelletion the highest usable frequency
is fixed by the geometry of the compressor, for a requlred amount
of heat the variebles will be the saturation flux demsity Bp.y 3

the ampere turns NI, and the resistivity of the material .p, or

constant

HmaxZ"F(NI)= 3mea_x1
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This equatlon shows that a blade material having high resistivity
and high saturetion filux density 1s desirsble in the interest of
keeping the Iimpressed ampere turns at e minimm, because the number
of ampere turns required varies inversely as the cube rootas of the
resistivity and the saturation flux density.

The advantage of a higheresistivity material is experimentelly
shown by the. curve for Hipernik in figure 16.. The.resistivity of
Hipernik, which is about four times the resistivity of Armco Ironm,
is the determining factor in reducling the regquired impressed ampere
turns for Hipernik relative to Armco Iron for a given heat density.
As previously Indicated, Hipernik has higher flux penetration
because of its greater resistlvity relative to the other two mate-
rials; the greater depth of eddy currents is the mechanism explain-
ing the larger heat density. The use of a higher-resistivity
material should help the solution of the chopper problem previocusly
mentioned.

From the data of figure 16 and for other assumed conditions,
the direct-current power required for producing the magnetizing
current can be roughly estimated. For one such theoretical instsl-
lation, the magnetlzing power required per square inch of blade
surface to produce a heat value of 10 watts per square inch wes
0.1l watt, or spproximetely 1 percent. Calculatlions were then made
to determine whether the power required for ice protection would
exceed that available from such a system of eddy-current heating. -

Calculation of Heat Required

Inasmuch as the proposed system of eddy-current heating of the
axial-flow compressor-inlet guide vanes is dependent upon a revolv-
ing rotor, rotor speeds had to be specified for the computation of
the heat required. Ko icing tolerances were allowed. Because the
severity of lcing may prove to be a function of altitude and air
consumption, the heat requirements for several engine conditions
and altitudes were also smtudied.

The rate of heat dissipation was computed for the conditions
subgsequently enumerated. The analysils employed was taken from
references 9 to 11 and is presented in appendix B for convenlence.
The blade-surface temperature was assumed to be kept at 35° F and
the temperature of the compressor-inlet air was assumed to be Q° F.
The alircraft was assumed to be flying at a true alrspeed of 275 miles
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per hour through air having a liquid-water content of 1 gram per
cubic meter., Heat requirements were then calculated for an axial-
flow compressor of the 4000-vound-thrust class for the fellowing
conditions:

Altitude | Engine speed | Air flow
(£t) (rpm) (1b/sec)
0 7600 75
7000 65
6000 50
5,000 7600 65
7000 50
6000 45
15,000 7600 50
7000 45
6000 35

The rate of heat dissipation was the greatest for the highest
speed condition at sea level (fig. 18(a)}). The average heat dissipe-
tion for this condition wes spproximately 5400 Btu per hour per
square foot, which 1s equivalent to a power of spproximately
11 watts per square inch of vane surfeace.

Shaft Power Required

The power required for protecting the inlet gulde vanes under
the design conditions is approximetely 11.6 horsepower or about
8.7 kilowatts. At sea level and at rated engine speed of 7600 rpm,
the compressor absorbs about 5680 horsepower. Thus the power
required for protection egainst ice accretion would be only sbout
0.20 percent of the turbine load. In addition to the power fur-
nished by the turbine, sbout 1l percent of the 1l.6 horsepower
required for protection will necessarily be supplied for excita-
tion of the colls. The electric power for excltation can be
supplied by batteries and gemnerator.

Apparent Advantaeges end Dlsadvantages

The apparent advanteges of an ice-protection system utilizing
eddy-current heating lle in the fact that heat is produced where

19Nc
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needed with little time lag. Most of the heat is used to warm the
surface subject to icing end not the induction air as in the
exhsust bleedback systems. The loss in net thrust would therefore
be small because the increase in the tempersbture of the incoming
mase of induction air due to surface heating would be slight.

If ice accumiletions occur before heat is applled, de-icing
can be accomplished because eddy-current heating will melt the
under surface of the ice coating and permit washing-back of the
accumulated ice by the induction air., This washing-back may prove
to be a disadvantage, however, if the pleces broken off sre allowed
to become large enough to damage the compressor blading. The
spplication of some heat before the ice is allowed to accumulate
may therefore be necessary. .

Because no special ducting is required for eddy-current heat-
ing, the design may be kept within the limits of the maximm
diemeter of the compressor. Eddy-current hesting may have to be
supplemented with some other system of heating, however, to pro-
tect the lips and the surface of the inlet cowllng. Corrosive
exhaust gases need not be fed back into the compressor, however,
because they can be contained within the walls of the inlet.

The modificetions with eddy-current heating appear feasible.
The system of protection by means of eddy-current heatlng can be
applied back through the compressor for as many stages as is deemed
necessary. The heat requirement for successive stages would. dimin-
ish with stage number. Application of this principle, however,
becomes more difficult with successive stages because of limited
clearances and complexity of electric circuits,

With eddy-current heating, the use of intensity-controlled
heating would be possible because the controls would be simple.

The disadvantages of the application of eddy-current heating
are the necessity for including magnetic material in the flux cir-
cuit and the corresponding welght increase of these materials and
of the coll and the chopper.

SUMMARY OF RESULTS
From an investigation of eddy-current heating for icing pro-

tection of axial-flow-compressor blades, the followlng results
were obtalned:



28 NACA RM ESEO6

l. Heating of axial-flow-compressor blades by eddy currents
appeared to be applicable for protection egainst icing.

2. The surface average heat requirement for the imnlet guide
venes in conditions of icing of a Jet engine of the 4000-pound-
thrust class was calculated to be maximmm at rated-speed conditions
and equal to 5400 Btu per hour per square foot or approximately
11 watts per square inch. Creation of heat densities of this
magnitude for lce protection of-the inlet-guide vanes of a com-
pressor appeared possible.

3. The shaft-power requirement for the generation of eddy
currents to produce the heat needed for protection of the inlet
gulde vanes is small, and for the proposed design is only 0.20
percent of the turbine load. Compared to this power, the elec-
trical power required for the magnetizing field coils, however,
1s only of the order of 1 percent of the shaft power required for
generation of the eddy currents or 0.002 percent of the turbine
load.

4. In an alternating-flux eddy-current system at heat densi-
ties necessary for lce protection, the eddy-current power generated
is proportional to the square roots of frequency, material resis-
tivity, and saturation flux density, and to the 3/2 power of the
meximum field intensity at the vane surface. The blade material
chosen should therefore have the highest resistivity and the
greatest saturation flux density.

5. In a pulsating-unidirectional flux eddy-current system in
which the flux varies from zeroc to a maximm value and which can
be similated by superimposing & direct-current flux on & sine-wave
alternating-current flux, the heat generated does not change appre-
ciably with epplication of the direct-current flux. Heat calcula-
tions can therefore be made on the basis of the alternating-current
component. In the production of the pulsating flux by means of a
chopper and the application of a direct-current magnetomotive force,
however, the required direct-current ampere turns will be greater
than the root-mean-squsre ampere turns of the alternsting-current
component by a factor of 24/Z.

6. The vene surfaces will probably operste well past the knee
of the magnetization curve of the blade material, and the
magnetomotive-force drop along the blade will be great in com-
parison with air gasps of practicel sizes, which may lead to 4iffi-
culty in obtaining sufficilent chopping action at high frequencies.

1135
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7. Provided that the blade is sufficiently thick to insure a
negligible flux at the center, the heat generated per unit surface
is independent of vene thickness or the total heat generated is a
function of only the vane surface.

8. The dlsadvantages anticipated in the aspplicatlion of eddy-
current heating would be the neceassity for incliuding magnetic
material in the flux circult and the corresponding weight increase
of these materlals and of the coil and the chopper.

Lewis Flight Propulsion Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX A

IERIVATION OF ANGLES 82 AND B,
From figure 6,

® o @ =B . @ sin (45%p-5) (a1)

or, using equation (10),
Bpax 1 92 sin (45%+p-8)

+ / Byex 1 41 cos (45°+8-8)

ds =
Bma.xl

NZ ¢

_ Bin (45°+8-8) NZ ¢ a1 cos (45°+B-5) (42)
cos (45°4+8-8)
1+ NZ ¢ a1 cos (45%+8-5)

Integrating in the limits O to 35, and O to 1,

B, = ten (45'°+<:'2)1oge [i_. + M‘Z- ¢ cos (45°+or/3) 7.2] (A3)

wvhere Gy is the mean value of 52-52 for the given value of 1g,
which gives from equation (15a)

o
By = f—a-?—(-:—s—:—a‘z—) log, []-.+2 cos (45°+a2)<-;11;1'—‘:§—i - )J (as)

The derivation of Bz follows & similar procedure. In fig-

ure 6, the increment of current in each new sheet of material of
thickness 4l 1is equal to the product of induced voltage and the
conductance of the sheet, or 7 E, . d1; therefore,

Tox = Tpax 1 * \/D 4 Emax a ein (45°+8-8)
Pnexa, f y By & sin (45°48-5) (45)

O.4x

" 1125 °
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From the vector diagram, the following reletion 1s true:
Tmax @B = 7 Epgy 4l cos (45°+B-5) (a6)

or, vhen equations (A5) and (A6) are cambined,

04 oy E
max o
az si 45 -8
cos (45%+8-8) Hpax 1 sin (457+p-5)

sin (45°+ﬁ-5) 0.4 oy E .
1+ max

Hma.xl

Integrating from O to By and from O to 1g, where o is
the average of 52‘52 as before, ylelds

ag = (A7)

dl sin (45°p-8)

ig

0.4 xy
B, = cot (45°+a2)loge 1+ . S —— B;f_mx a sin(45°+s-8)

° (28)

The first step in the evaluation of the integral is to replace
Epax Py using eguations (10) end (12).

Frex 1

a1 sin (45°p-8) =
0

1
2 0.4 xy 2xf 1078 [Buax 1

Hpax 1 Lﬁc

+ Bpog 3 U CO8 (45°+ct-il a1 sin (45°+8-8)

or

1
2
-_-f lz‘/'z' ¢ + 2¢% 1 cos (45'°+a,j a1 sin (45%:ig-5)
o i

or where o 1is again the average vaelue of (B-3),

(a9)

'2 0.4 m Enax
Tlmx—l——- d sin (45%4p-8) = Eﬁ cly + @ 122 cos (45°+a2j sin (45°+a2)

0
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With substitution of equation (A9), equation (A8) becomes
By = cot (45°+a.2) logy <1 + E/E ¢ lp+ c? ?,22 cos (45°+a2ﬂ sin(45°+agf
(a10)

Substitution of equation (15b) into equation (Al10) gives the
solution for 8o

= o : o 2 _
By = cot (45 mz)loge ]:1 + sin (45 +<ac‘3)<r%mx N )] (A1)
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APPENDIX B

CALCULATION OF RATE OF HEAT REQUIRED TO MAINTAIN SPECIFIED
EBLATE-~SURFACE TEMPERATURE IN CONDITIONS OF ICING
An analysis of the heating requirements for thermal-ice pre-
vention of the inlet guide vane of an axisl-flow compressor is
presented for specified conditions of icing. The feasibility of a
design of an ice-prevention system utilizing eddy-current heating

under the assumsd icing conditlons has been presented in the text
of this report.

Symbols
The followlng symbols are used in thls appendix:
A crogs-sectional ares of flow passage, sq £t
- c blade chord, ft

cp specific heat of alr at constant pressure, Btu/(1b)(°F)

cp,w Specific heat of water, Btu/(1b) (°F)

D diameter of equivalent leading-edge cylinder, f£t.
d average distance between adjacent blades, ft
e vapor pressure, 1b/sq in.
eg vapor pressure at saturation at temperature of surface,
1b/sq in.
e,  local vepor pressure, determined by equation (BS), 1b/sq in.
g acceleration due to gravity, 32.2 £t/sec?

H totel heet dissipation, Btu/(hr)(sq f£t)
Hy heat dissipation.due to convection, Btu/(br)(sq £%)
Hy heat dissipation due to evaporation, Btu/(br)(sq ft)

. Hz heat dissipstion due to heating of impinging water on surface
of blade, Btu/(hr)(sq ft)
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unit thermal convective conductance between vane surface and
eir, Btu/(hr)(sq £t)(°F)

mechanical equivalent of heat, £t-1b/Btu

latent heat of veporization of water, Btu/lb

length of blade, ft

water impingement per unit area, 1b/(hr)(sq ft)

water impingement per unit area leading edge, 1b/(hr)(sq ft)
water impingement per unit area blade surface, 1b/(hr)(sq ft)
liquid-water content, 1b/cu £t

number of blades

Prandtl mmber

static pressure, 1b/sg in. absoclute

gas comstant, for air 53.3 £t-1b/(1b)(°R)

distance along chord from leading edge of blade, ft

average of inlet-air temperature and blade-surface tempera-
ture, °R

air temperature, °F

surfece temperature with no external heet cornditions, Op
surface design temperature, °F

velocity, £t/sec

air flow, 1b/sec

average dlstance between adjecent blaedes, £t

angle of attack of blede section, degrees

ratio of specific heats, for air = 1.4

density, slugs/cu ft
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Subscripts:

¢’ compressor inlet

8 surface condition

x locel condition at any chordwise position on blade surface

Liquid Water in Atmosphere

The basls for the design of an lce-prevention system was
established from'recent and extensive information on the severity
of icing conditions likely to be experienced by an airplane under
normal engine operation (reference 9). The icing condition selected
mey occur In cumuius clouds having a liquid-water conitent of
1.0 gram per cublc meter and an average drop size of 20 microns in
dlameter. The iniet temperature was assumed to be o° F.

Impingement of Water on an Airfoll

Little informetion is available regarding the impingement of
water on airfolls as smell as those found at the inlet of an axial-
flow compressor of the type studied herein. Limited use was there-
fore made of the existing theory involving much larger alrfoils,
such as propeller blades and wings. Figure 19 indlcates the shape
and dimensions of the inlet-guide vanes considered in thls report.
Eighty-eight such blades are at the compressor inlet. The water
impingement was assumed to be confined to the leading edge and the
concave surface of the vane and, because the vanes are small, their
collectlion efficlency wes further assumed to be 100 percent.

The specific conditions for which the rate of heat required is
celculated are for & compressor-lnlet alr temperature of O ¥ and a
vane~design surface temperature of 35° F. The tempergture and the
pressure of the air passing over the first row of venes differ from
the inlet-air temperature and pressure because of kinetlc effects
and are functions of air velocity and density.

Velocity gradient through blading. - Any two adjacent blades
of the same compressor stage, because of their shape and spacing,
can be assumed to constitute & nozzle. The cross-sectional areas
used for compubtation of the average air veloclty over each section
of blade cen be determined using average values of the distaence .
between adjacent blade surfaces.
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The section flow area is

Ay = 1dy (B1)

The spanwise average air velocity through a passage et any
blade section is then

v (B2)

W
X pg8AN

Pressure gradient through stage. - The air preksure in the
passage between the blades is determined assuming a reversible
adiabatic-state change expressed ln terms of the inltisl state and
velocity at the blade sectlon.

7"1

o4 X
Py = Pg 1+ — (B3)
ZgRTc ;:i

The velocity V, es determined from equetion (B2) is a func-
tion of demsity py and ares Ax' Inagsmich as p, 1is a function
of p,, solution of equations (B2) and (B3) would involve exten-
sive computetion. 1In order to simplify the work, Py Was there-
fore assumed equel to p,.

Surface temperature in dry air. - Hardy (reference 10) has

indicated that in clear sir flow the temperature of the unheated
surface for leminar flow will equel

— . . T —_

1
. V.2 V2 2
tg ¢ = ¢ * Tageg 1-V_c2 1-°Pr i (4)
and for turbulent flow will equal
— ~
2 2 =
t =t+v° 1-1‘—-1 pr> (85)
s x c 2ngP v 2 - J
o ¢
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The lndex of Pr 1s dependsnt upon the type of flow, laminar
or turbulent; for the conditions of icing used in this analysis a
Prandtl number of 0.72 was assumed.

Unit thermal conductance. - Three values of unit thermal con-
ductance taken from reference 1l were considered in this analysis -
theose for stagnation, laminer, end turbulent flow,

Stagnation:
0.5
0.48 { Ve8p¢
h, = 0.19¢ T, <——-]3-—) (B8)
Laminar flow:
&0 0.5
by = 0.0562 T, O < °> (87)

Turbulent flow:

0.8
0.296 (Vx@c) (58)

hy = 0.524 Ty S5

The tempersture T, 1is the average of Iinlet-alr temperature and
blade-surface temperature.

The location of the point of transition from leminar to tur-
bulent flow is irmportant because of its effect on the heat-transfer
coefficient. Because there is no reliable method of determining
this point with the presence of water on the surface, however, a
location of lO-percent chord was selected.

TLocal vapor pressures. - The assumption 1s made that the sir
is initielly of high humidity and, because of a rapid change in
pressure as the air passes over the vanes, there is little or no
chenge in state except that the alr becomes supersaturated. The
local vapor pressure will then be

e, =e X (B9)
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HBeat required. - The heat dissipation from & surface in con-
ditions of iclng may be dlvided into its four. components:

(1) Dissipation of heat due to convection from the surface to
the air .

(2) Dissipation of heat by evaporation of water from surface
because of difference in vapor pressure

(3) Dissipation of heat as a result of raising temperature
of impinging water

(4) Dissipation of heat due to raediation from relatively wermer
surface

For this analysis, the convex surface of the blade was assumed
to dissipate heat only by convection and eveporation, because very
little, if any, water is assumed to impinge upon the convex surface
of the blade. Heast losses due to radiastion were small and were
neglected.

Digsipation of heat due to convection and evaporation., - The
heat dissipsted as a result of convection and evaporation weas
computed by the following simplified equation, as derived from
reference 10:

Hy+Hy = b [(tg gt 5) + °'6§§ L (es;:") (B10)

Water impingement. - The water impingement per unit area of
leading edge and vane surface was computed assuming a collection
efficiency of 100 percent. The areas affected were evaluated from
the geometry of the guide vane with straight-line impingement
assumed on all exposed surfaces.

The average water impingement per unit area of leading edge
was calculated as follows:

M, = % v, m (3600) (B11)

The water impingement per unit ares of vane surface was calculated
by the followlng equation, which represents the concave surface as
a plane surface parallel to the chord line:

1125
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Mg = 3600 m V, sin a (B12)

Dissipation of heat as result of raising temperature of
impinging water, - At the leading edge and for the concave blade
surfece, the rate of heat dlssipation was computed with the assumed
collection efficiency. The heaet requlred to raise the temperature
of the impinging water to that of the blade was therefore equal to

Hy = Me,. (t5 4 - tc) (B13)

neglecting the small kinetic temperature rise in the impinging
water. )

Total heat dissipation. ~ The total heat dissipation for the
leading edge and the concave blade surfece 1s the summation of the
three types of heat loss .

H= (E_L+Hz) + E, (B14)

whereas the total heat dissipation of the convex blade surface was
assumed to be

E = K+, (B15)

The average heat dissipation presented per square foot of wvane
surfece (fig. 18(a)) is the integrated average of the dissipation
rates for both sides of the vane. The heat dissipstion due to
eveporation, H,; in equation (B15) » 1s essumed to spply because some
moisture will probably run back on the convex face., Also, the heat
requirement for the convex face must be nearly as high as that for the
concave face to prevent the development of regloms of subfreezing tem-
peratures on the blades. The Increase in hesting requirement that
results from this conservative assumption should help to safeguard
the leading edge by action of conduction in tlie blade metal.
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TABTE I ~ SUMMARY OF PERTLNENT VATAES

1LeD

1 2 5 4 6 8 7 8 2 10 i1 18 A3 A 15
Epox 2Hmx 1] %2 |f2-0p| Fr g Yolmax a|Molmaxcp| ML | E Meagured | p' [Measured] u e
(oep~ |(oenw |(de8)|(deg)|(cm)| (om) (volta/ {watts/| p,! (1/om)
steds) [steds) om) (volts/ [sq 1n.) (watits/

m) 8q :I.n..]
8AE 1020 steel, measured + ® 0,594 x10° nho/om

6 |4.,31 |0.60 } 1.30|8.60|0,0049| 16.8 §6.1 | 51.8|0.0140| 0.012% | 0.22 0,85 2665 [195.5

30 |5.6% |4.26 | 8.92(9.,01| .0125| 37.B 280,5 [224.7 .0373( ,0400 | 3.33 .60 20835 |196.5

50 |5.93 [B.26 | D.B2|9.24| ,0L83| 46,7 468.0 (564,0| .0608| .0536 | 7.44 7.80 2665 |198.5

Armoo Magnetic Ingot Ironm, measured y = 0,873 x105 nho/om

6 |2.83 [1.656 | 35.90|8.56 |0.0043) 14.7 56,1 | 50,0/0,0128| 0.,0116 | 0,21 0.81 4590 |51

30 |5.49 |5.30 | 9.88(8.00( .010¢| 31.1 2080.5 |220.2 .0385| .0560 | 2.87 2.80 4590 |311

60 |5.60 [8,06 |1l0,10(9.10| .0138| 40,0 468,0 [569.0| 0426 0444 | 6,54 6.70 4590 |511

Hipernik, measured y » 0,248x 105 mho/om

6 |0,258 |86.88 |10,1B|B.66 [0.0104]| R3.7 58.1 | 568.4|0.0241 | 0.0240 | Q.43 0.40 |50,00Q |b4&

20 «.280 |7.,56 [10.95|9.13| 0150 | 43.6 187.0 |162.3| .0468( L0610 | R2.74 2.60 |B0,000 (648

40 +500 |7.88 {10,3019.54 | ,0864 | 69,3 374.0 |308.5| .0867| .O0780 | 7.86 8.40 [50,000 546
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Section A-A

C-21056
4-1-48

Figure 1. - Axial-flow compressor with front view of inlet guide vanes.
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Flgure 2. - Schematlc dlagram iliustrating principle of eddy-current heating
applied to inlet gulde vanes of axial-flow compressor.
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Flgure 4. ~ Normal magnetisation curve for SAR 1080 atsel ammealed at 1500° P and furnace-cooled.
(Data from reference §,)
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Figure 5. ~ Vector dlagram of phsse relation of current, flux,
and voltage at constant permeabllity.
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Flgure 6. - Vector diagram of phase relation of current,
voltage under conditions of saturatlon.
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Figure 10. - Equipment utilized for determining eddy-current heat generated
In blade.
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Flgure 15, ~ Variation of voltage of self-induction per ocentimeter of blade width with
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Pignre 158, ~ Ampere tu:ms required for eddy-curprent heating, Vane, "E by 1 br 'E
(Hipernik,ég by 1 by 0.094 in.); frequency, 6100 oycles per second,
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(a) 99 root-maan-square ampere turns. (b} 89 root-msan-sguare smpere turng; 139 direct-

current awmpere turns,
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Figure 17, -~ Search-coll voltage ozolllograme for . arinpo ourr ampare
comparing wave shapes with and without = ped direct- ent
twrns. Armco Magnetic Ingot Iromy air gap, 0.04 inch. i
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(c) 585 root-mean-square smpere turna.
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Flgure 17, ~ Concluded. Bearch-ooil voltage oscillograms for conparing wave shapes with and without mmarinpoaod direct-
current ampere turng. Ammco Magnetic Tngot Irong alr gap, 0,04 inch.
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Flgur
conditlon. Blade-surface temperature, 350 F; Inlet-air
water content, 1 gram per cubic meter,

Heat dissipation, H, Btﬁ/(hr)(uq %)
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Flgure 19, ~ Physlocal dimensions of inlet guide vanes of typlcal axial-flow

compressor.
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